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APPENDIX A

D-\TA BASELINE l)El- I \ l I ION . 15 JUl A’ I 977

DATA ITEM SOURCE DATE

1. Mass Properties Computer Listing PR ~~
1( I 27 January 1977

2. Jet Control System Rockwell  Hiock l) i igram M ( ’47( - Received

0146 . Rev . U . Seq. 4 29 M; reh 1977

3. Wheel Control Sy stem Rockwell  Illock Diagram MC476- Received

0146 Rev.  1- , ~~t q .  4 29 M i r c h  1977

4. Earth Sensor Per fo rman ce  - t n I l v s I s  of Static S •\u ~~~i~~t I ~I7~~

}-. ar th  Sensor , i~a 1 I ( I ’ .S Engin eer ing

Company

5. Yaw Sun Sensor Y a w  Sun Se c-er Output Cha rac ter -  3 1  February 1977

i st ics , Re V. B f l I t  Rev . C.

M CH (;O~~6 11

a . Thermal  Var i a t i on— — (See Sola r -\ 1 r .i v 1)ri vi-~

± 0. 6 percent

6. T h r u s t & r  Locations Scaled from Rockwell  l ) i - aw in g  27 • 1. Inu arv 1975

V 505-900003 , Rev. C

7. Thrus te r  Charac te r i s t i c s

a 0.1 lb • GPS 0. 1 lb )-  PE A ,  Q u a l i f i c a t i o n  31 March  1 976

Test Report  CDRL , Item A005 ,

Contr ~ict  F’04701-74-C— 0527

b. 5.0 lb GPS 5. 0 lhF PEA , Qua l i f i ca t ion  31 March 1976

Test Repor t  CI ) RL , Item AO05 ,

Con t r ac t  F04070 1 -74 -C—0527



DATA ITEM SOURCE l) TI-

7 . . RCS Tank Blowdown GPS Pi opellant Budget ) 1 1 - I - . - ) v t - I l  from

Profile . 5.0 lb and 0 . 1 SAMSO,

lb Thruster  Per formance  June 1977

8. Wheel Dynamics \ lot e r  Torque Speed , Curve 14 Janua ry 1975

Plot Ne . T Design Review Data .

• I tem R-005 Bendix to Rockwell

9 . Solar  A r r a ~ Dri ve

a. I’u lse  Width Normal Solar  -\ r r v Dr ive  and Power 6 June 1976

50 5 mill iseconds Transfer  Sy st em , Rockwell

- - Document  No . MC476-0 14~~.b. Pulse W i d t h  F,xtenaed
- . . Rev . B and C. Sm~. 05 Ifl d 0535 + 8. a mil l i seconds

c . Slew Command  
an d

64 p111.-es  Global Po s it i on ing  System

- Op erations I Iandbook . ~ nl t im I1. Exp ec te d  Slew \ o r 1 I I I ?

11. ~~~~
- -f 6° Section 2 . 3: EPS D esc r ip t ion ,

— 
CDR L Item .AOOG, Contract  No .

i- Expect ed Slew Extended F04701-74-C-0527
:~~~. 4 -f 18

f. M ax  Pulse Ra t e

1 to 1.85

g . t )eadb and , I to 1.7°

h . l ) r iv ing  i’orque

145 ~ /- - i f l  m m

i .  Coulomb Fr i c t i o n

6. I  el- — i n  m a x

j. S ol ar  \ rr a v Drive R a i l  Brothers Memo 5 February  1976

Torques

k . M i n i m u m  Pulse R a t e  Phil Tallev Memo 22 October 1975

~~~ I -
~~~~~~~~~~ 
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DATA ITEM SOURCE DATE

10. N u t a t i o n  Damper

a. ’ Radius  of ( u l v a t u r e  Blue Print Damper Assembly 15 .J an u a r ~ 1976
158.25 ” + 10” to 18 ” Nut a t ion  GPS Rockwell Drawing

- — N o . V505 — 5200 16b. Length of tub e la . 7a

c . Mass of Ball .0 18 slugs Rockwell  V iewgraph  CI)R

d. Dissipation Coeff ic i en t  Honeywell \ t o m e  29 ~~~- p t e i n t -r  1975

C
1) 

0. 017 ÷ 30~~

11. Pitch Sun Sensor Ball Brothers Tes t Data Recei ved

Ball l3rother s ‘I t t - m I ,  15 •Jti t ~ - 1( 177

12. A l i g n m e n t  Specs

a . CES Global Pos i t ion ing  System Orbital
)p e r t  t iof l~~ I lai idb ook , Volume I .1) . ~~TS

S ut t on  2 . 4 : Control Sy stem ,
c.  ‘I 

~
“ I ) e sc r ip t ion  CI)R I., I t em AOOG .

(1. R eac t i o n  \~ h I - I - I  C on t r a c t  F0470 1 — 7 4 — ( ’ — O 5 2 7~
- - P 2 . 4. 138

. I h ru st ’-r . s

13. P r I I  • sS l o f l  Pr oc l a lur t ’

; i .  t i r i ng Pulse Width  5,-c I l l - i l l  3 2
I : ~ 6 rnscc

h. 1- xp ected T’r eccss ion

.-\ngl t ’/Pu l st ’ , 0. I 2 ~

c’ T h r u s t er s  I s e t i

17 na t  I h

d. L i t - i n g  I ) - t  - -
~ , 0 to

5 . 24 s t - c  ( j f l r l ’ - n a - n t s  of

10 . 2 t ice- c)

c. M i n i m u m  Number  of

Pulses , 4 - -

4
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DATA ITEM SOURCE DATE

13 . f . Procedure: 9 segments

of 4 minutes durat ion;

reference sss pipper

pulse each revolution

14. Despin

a. Thrusters Used--

11 and 13

b . Sequence Modified from Item 12 SAMSO Review

95 to 85 rpm 15 Jul y 1977

Calibrate

85 to 75 rpm

Recalibrate

75 to 20 rpm

20 to lo rpm

10 to 6 rpm

6 to 1 rpm

c. Firing Time in

Increments of 5. 27 sec

15. Earth Acquisition Procedure

at 1 rpm

a. Enable roll axis control See Item 12

b. Wait 5.0 minutes

c. Enable pitch axis control

16. -y Panel Deploymei-it See Item 12

Procedure wi th  roll and pitch

jet control , deploy -y panel ,

slew 90 deg

5
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DATA ITI-~M SOURCE DATE

17. Sun Acquisition See Item 12

At 0. 75 rpm and -y panel

dep loyed and sun line parallel

to panel normal . l ’fl al ) lt ’  ya w

jet control.

18. +y Panel Deployment wi th  See Item 12

th ree -ax i s  jet control .

deploy +y panel , slew

9o deg

19. Momentum Dump See Item 12

Procedure

a. Automatic  dump of pitch

and roll axis when

momentum is greater

than 0.25 ft-lb-sec

b. Pitch axis firing times

0.1 , 0.3 , 0.5 . or 0.7

sec (0.3 nominal)

c. Roll axis firing times

0.8 , 2 .4 , 4.0 , or 5 .6

sec (2 .4 nominal)

6
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APPE N I ) IN B

ONE-BODY ~\ 1ODEL EQU -\ TR )N S

This appendix presents the derivation of equations of motion used in the

one body simulation . For Definition of Symbols , see Figure B—i.

Vector torq ue equations are given by
2—

: r x d F = : r x ~~ —~ dm
dt

= f ‘
~x (~~ ) din ( B 1 )

dli
dt

where H is define d as —

= I. 
~x ( - )  dat

= + m M ( r , r )  + Z + E m1
M (r 1, ~)] : + z

1 1

I (&, + EI~~~ .
0 0  ~~~1i  (8— 2)

where , in body 0 coordinates ,

M(a ,b ) = a T b I _ a b T

I —I — I
x xy xz

J -l I —I
xy y xy

—I —I I
xz xy z

= T 1J 1
1T 1~ (T 1 is 

transfor~~tion from wheel I to body o)

8

I
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din

x - -

0 

~~

.
0

- 

CM~

r~,i 
r~ - 

Body I
- x~. (Symmetri c ‘~o~-er1tirn Wheels)

L d

Bocy 1’I

Body CM’ s CM0, Ct1.~

Total CM Ci

Y T Masses 
~~

Inertia Tensors 
~~~~~~

, Y1 (J~,, J .~ are iner t ia

tensors in reference body

coordinates of inertiaS ahout

C~10 and CM 1 respectively)

Figure B—i . Notation
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I
w = T  w .I oh

= 
I (y 2 + z~ ) dni = i + 

~~~ 
, etc .

I = ; xy dm , etc.

The rotational equations of motion are then given by

dli
dt

= f ~~~ 
+ z

= 

~~t ~~ o~ o + 
~ ~i~ o + 

~~~ ~o~ o + 
~

T = I
o~~cI + ~~~~ + w 0xR

Wheel Torques may be described by

H ~i
2 

—

I x1xdF = i x~x —i- x1dm

dx1-~~- f x
1

x - ~~ — d m

d .
~~ - —--i
l d t

Wheel momentum is given b y

rt . = ;~~1~~-~~-~~1 ~~

= I 
~~~ 

+ x

10
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= j~ ~~~~~ x + x x~ ) din

= i~~~~. + (B—4)

Di f fe ren t ia t ing

T = J ~~~. + J ~~ + u  x i w  + u  x J u  (B 5)
I i i  i o  0 i i  0 i o

Torques about the wheel axis are given by

T. = J ~ + J .~ (8—6)
1 1 1  1 0

- Ji~~i 
(8-7)

where T .  is the sum of motor , bearing and windage torques on wheel i.

Equations B—7 and 8-3 are combined to compute the b ody rate derivatives.

T I~~ + Z T  +~~ x l i
- . 0 0  . i o (8—8)

1

Kinematics

The inertial  coordinate system and the Euler sequence are consistent wi th the

Rockwell convention presented in the AVCS sp linter meeting notes at the

preliminary desi gn review . Speci fically , Rockwell specif ied a y~~ pitch

roll Eule r sequence wi th the equations :

8 = w cos ’~- + q cos~~~~— r s i n -
~

= (w sin sin S + q sin ~ + r cos ~ ) (1/cos ~)

= p + ~~sin + w  sin ti) cos S

11
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1

where

= orbit rate

P ,q ,r  = body rates

= Euler -~-igles

~ , 8 , t,i = Euler rates

These equations are consistent with :

1. A local vertical system with z axis pointing tcMard the earth and x

axis in the orbi t p lane and positive on the direction of motion .

2. Euler angles speci fy ing body orientation re lative to the local vertical

frame .

The ine rtial coordinate sys tem is the Geocentric Eq uatorial  Frame (e.g. , z

axis positive North and x axis positive in the di rection of the Vernal

Equinox). The local vertical system is consisten t wi th  Rockwell’s ( e . g .,

z axis positive toward the earth and x axis in the orbit p lane) .

Two sets of Euler angles , both having a yaw pi tch roll sequence , are us ed .

The firs t set PSI , THETA 1, PHI l de fine the ine r t ia l  to body trans formation E.

The second set , PSILV , THETA , PHI specify the orientation of the body

relative to the local vertical frame and should be consistent with Rockwell’s

Euler angles. The inertial Euler angles are integrated in the simulation

via quaternions.

Linear Motion

The simulation uses two su5 routines( POSITN and RADVEC) to compute the

ephemerides for the satellite and the sun. The ephemerides for the satellite

and the sun are calculated using the six Kep le r elements : semi major  axis (a) ,

12 1 ,
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-

~~~~~~~~~~~~ 

. 

~
- -

eccentrici ty (e), Inclination (i), right ascension of the ascending node C ) ,
argwaent of perigee (w), and mean anomaly (H). The update is a simple rate

term on the la t te r three . Tab le B—i presen ts the six elements , the i r  uni ts

and values for the ve rnal equinox condition . The rate terms are derived

in the program from the fixed parameters and are given by

~ 
=~~~~~~~~~~~~~~~~_ 

[ l_ e2)]2~~~~~~~ 
(1.5 sin2 1-1)

1 • 
= 

k~~~~ 7a~ ~~~ I
[a(l—e )

.
. kVT7~~ 2

= 
2 2 

(2.5 sin i—2)
[a(l—e )]

where

= Gm = 62630.3949

• - k = ~~ 2 
~ (first term of perturbing force = —19255.96124

due to Earth ’s obiateness)

The rate terms for the sun are fixed and are included in Table B—i . The

simulation updates M , c~, ~ by

M( t) = 11(t ) + 1t (~~— t )  — ~- < H

~ (t )  = ~i ( t ) + ( t — t )  — -

~ ( t) = 
~ ( t )  + (~ t )  — ~ < ~ 

-

A seventh term , the Greenw ich Hour Angle ( GHA) , wh i ch relates the ear th—

fixed coordinate system to the inertial system , given the six elements is

updated via:

GHA(t) = GHA(t ) + e 
( t — t )

W e 
= earth rotation rate

13
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TABLE B—l .  GPS AND SOLAR EPHEME RIDES

STAN DARD VALUE

SYMBOL NAME UNITS GPS SUN

a Semi Major Axis Miles 14342 . 1*

e Eccentri ci ty —— 0. .016 7

i Inclination Degrees 63. 23.443

M Mean Anomaly Degrees 0. 88.068

12 Right ascension Degrees 0. 0.

of ascending

node

Argument of Degrees 0. 270.

perigee

11 Degrees/sec —— l.14074x10 5

Degrees/sec —— • 544773x10
9

Degrees/sec —— 0.0

GHA Greenwich Hour Degrees 0.0

Angle

*Astronomical un i t

14
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APPENI)IX C

TIIBEE-BOI)Y DYNAMIC MODEL
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A P P E N I) r \  C

THREE-BODY DYNAMIC MODEL

This appendix contains the equations of motion for the GPS three-body model.

ROTATIONAL DYNAMICS

1~1Let 
~ 

= angular  velocity of reference body in re ference  bod y coordinates

Notation: x = vector or tensor

x 1 -ompon ents  of ~ in reference body coordinates

x 1 
= components of ~ in bod y i coordinates

= derivat ive of ~ with respect to iner t ia l  f rame

der iva t ive  of x with respect  to re fe rence  body frame

= componentwise differentat ion of x . Note that (~~~~~ f ’~t) ° x .
(See Figure C- i.)

MOMENT OF NEWTON’S LAW ABOUT CM

x d ~~~~~~~~ x~~~~~~dm ~~~~!~~~x 
(~~~ )~~m

(C-i)

EVALUATION OFU

~i = j’i~x (~~)dm 

~~ 

(C-2)

= r ( ~ -f~~ ) x  - -_ + )  x ( ~ +~~ )
0 0 t 0 0

0

- - 0 - - - - - -+ E (r + r . + x .)  x — + w x (r + r . + x .) -3- s, x x . dm
0 1 1 8t o o 1 1 i

i i

16
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I ,
din I ___ •—

_____ 
‘~ Ir 1  ~~~~~~~~~~~~~I ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘ 
~~

I ~~~~~ W 7  ‘. o I

\r0 / \
- 

I 2SOLA R PANE L S

CM - 
w0 1” ) i I

4 SYMMETR IC
MOMEN TUM WHE ELS

I CM , ’

\

\
\

~~~~~ 

SATELLITE

2 NUTA TION DAMPERS

SOLAR PANEL PIVOT POINTS P1
BODY CM’s : CM1, CM1, CM k ; CM - TOTAL CM

MASSES: m~. m1, mk, m~; m TOTA L MASS

INERTIA TENSOR S (ABOUT CMs) Jo, j ,• j 1. j
~•

Figure C-i.  Not at ion
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r
+ : r ( ~~~~~~ . +~~~+~~ . ) x  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ dm

0 j j  ~ t 0 0 3 3 3 i 3 3

r6(? -~-~ -f~~~~)

+ E 1 ( r  + r  -4- a +x ) x  f a n  n 
~~~ x ( ~ +? + p  +~ ) f d m

~ o n n n o o n n n

Noting that

m ~ + E m .(~ -f~~~) +Em .(? +~~. +~~. ) + E m  (
~ + ~ + ~ 

) = 0 (C-3)
0 0  1 0  1 . 3 0  3 n o  ri

Equation (C-2) becomes

1) = I s + ~ I . w. + ~ I .w . + H (C-4)
0 0  . 1 1  . 3 3  fl

1 3

where

I J + E J . +~~~J . + E J - m i ~.1( r . r ) + ’ m .M(r ., r . )
0 0 1 . 3  fl 0 0 - 1 1 1

i j n I

+ Em M(r . + p . r . + p . ) + Em M(r + ~ , r + p
. 3  3 3 ]  3 n n n ri n

I _ = J.
1 1

= J. + m M(r  + r . + p.. p .)
3 3 3 0 3 3 ]

= m (r + +~~ ) x ( ~~ /~~) + ~ (r + r  + + x  ) x ( ~ x /~~) dm
n n o  0 n fl t 0 r- n n n

n

and

M(a,b) ~ b
T aT - ha 1

COMPUTATION OF 11

The vectors j~, 
~~~~

, j , ~ are given. The vector i~ can be computed from Equation

(C-3) .

Wheel Momenta

i i
Lw.  = T .J . w.

1 1  0 1 1 1

Panel Momenta

L~ . = T - J~ ~~ + rn.TV1(r + r . + p. . p.) w.
3 ]  0 3 3 ]  3 0 3 3 3 3

18
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where 0

= ~~~~~~~~~~ T .

Nutation Dampers

Assume: = 0 (point mass)

~p n
—~~H m (~ +~ +~ ) x —

n n o  n 0 ~t

ROTATIONAL DIFFERENTIAL EQUATION IN SATELLITE COORDINATES

- dH ~H - -

T — — — — + w  x H
dt ~t o

T = I ~u + I w + EI.W . + E I.~~. + ZI .w. + E H
0 0  0 0  

~~~
l I  . 3 ]  . 3 3  n r

~

EVALUATION OF TIlE DERIVATIVES

Inertia Tensors

i = 
~~ J. - m [M(~~ . r )  + MT (~ 0. 

r ) ]  + Em. [M(r. + ~~~, p.) + lVIT (r~ + p~. ~ )]

+ ~ m [M(r + p . ’ S )  + MT(rn + p .  ‘S~)I
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where
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WHEEL TORQUES
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-
~~ T . J.~v + J .~j .  +~~ x [J. (w + w .)]
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The magni tude  of the wheel torques about the axis is given by

‘I’. h . .j a  i 1

where h . is a unit  vect or along the spin ax i s . For example ,

r i
h . r ’J’ - 0

PANEL TO1?QI ES

$ (~ ~~~ .) x d~ = J~~
. x 

~~2 +
~~~

. + r .)

m x _
~~2I +

where

ll
~ 

fJ .  4 m .M ( ~~., ~ .)} ~~ + ; )
d r .

T. rn .~i x + + m .[M (~~, 
~~ 

+ M T
( ç~, • )}) (w. + w )

+ [J. + rri .M(p.. p .) }  (~~. + & ) + w x H .3 3 3 3  3 0 0 3

T h . T .
3-i 3 3

where

h. = unit vector along panel hinge

ro 1

and 

d 2r - [~~
2r or  1_a p . x a  + P . x ( ~~~~~~ + W x ~~~~~~ I + { M r p r ) + M ( p~~~~ )]dt 2 

~ cm 
~ L ot

2 ~ ~ J 3 0 3 0 0

+ M (p . .  r + r .) + (V X M(p. ,  r + r .) w3 0  3 0  0 3 0  3 0

2
Or  .. -.
—

~~~~ 

= - j~~[z m . ~ + E m
j  rn
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Nutation Damper Forces

2
~~i’ = m  —~- — ( r + r  + r  + p )

n 2 cm o n n

2 2
O r

a + . . . ._ 2.+—+zI)  x ( r  + r  + p )
cm ~~2 

~~ 
° ° n

+, j~ x ( i ~ ~~‘ S )o 0 n

+ w X ~~~~~j  
+~~~~~~+ w x ( r + r ~~ + P~ )]

2 F h  = - k  - k  ~O in n 2n n

where

pn n f l

and

h = unit vector along p
0 fl
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NUTATION DAMPER MODEL
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APPENDIX D

NUTATION DAMPER MODEL

This appendix summarizes the nuta t ion  damper mode l implemented fo r  the

digital simulation evaluation of GPS stability and control analysis .

The nutation damper is used for passive GPS sp in axis s tabi l iza t ion  during

the initial mission phases by dissipatin g the spacecraft precession energy .

The nutation damper adopted for GPS application is of the type of ball in

gas filled tube. The tube is made of aluminum and the ball of tungsten

carbide. The gas is a 9 : 1 ratio mixture of nitrogen and helium at 1 atm .

pressure . Physical parameters of this damper is shown in Figure D—l.

A similar damper of this type was used in the Telstar satellite , Reference

D—l. Discussions on the design and analysis of ball-in—tube type nutation

dampers can be found in Reference D—2.

Derivation of the torque equations presented here follows the same procedure

of Reference D—2 which contains numerous typographical errors. The results ,

in the torque form , are compatible for integration into the three body model

described in Appendix C.

DAMPER MODEL DERIVATION

To facilitate the model derivation , we shall define a vehicle fixed B—frame

whose origin is at the vehicle’s center of mass (excluding damper ball) with

the 
~~~ 

— 

~ B 
— 

~~~ 
axes aligned with its principal  axes . Also in the fol—

lowing considet.ition of vehicle rotational motions , it is assumed that the

translational motion of vehicle ’s center of mass resulted from reactional

24 
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fo— ces of the damper ball can be neglected. By reference to the geometrical

descrip tion of damper location in B— frame, the position of center of ball ,

can be wri tten as , Figure D—2 ,

(~
B ) = — a +~~ cos a (D l)

b + ~~ sin a

whe re -

y = 159 in. = 13.25 f t .

(a ,b) = coordinates of tub e cen ter of curvature

Equa t ion  (1) imp lies tha t  XE — 

~.B p lane contains the damper tube .

- Let the vehicle moment of inertia be such that

[I~~~~= ~~~~ = A  
(D—2)

l~_ izz = c

The ro ta t ional  energy of the vehicle becomes ,

Tv = ½ A(Wx
2 + W~

2 ) + ½cwz
2 (D— 3 )

The velocity of damper ball can be written through diffe rentiation of (1) as ,

—B —B ‘I
~~~ b~’ 

= TBI(V 
b~ 

= T
BI(R b~

with 
~~~~ 

= TBI
T (RB ) we have

(R
I ) = TBI

T 
(R
B ) + TBI

T 
(R
B
)

= _T
BI
T S E,J~

B
B)j (R

B ) + TBI
T 
(R

B )
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OF MASS
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Figure  D — 2 .  N u t a t i o n  Damper in Vehicle
Bod y Fixed Frame

27

L~~ _  _~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _______ ______



rr

or 
(~~~B ) = ~ S 1(~~~~)] (RB ) + (RB ) (D-4)

In componen t forms , (4)  become s ,

[VX1 0 -~4~ W.~~ [ 0

I “Y 
= 

~~ J X —a + y cos

LV ZJ ~~ w~ 0 j [b  + y sin a

r o l
+ I— ~’ s n a c L l  (D—5)

L y cos a

Hence the translational kinetic energy of the damper ball is

Tb 
= ½ M  (V

~
2 + + v~

2 )

= ½ M { [ — ( — a  + y cos a) W~ + (b + -y Sin a)

+ [—(b + ~ - sin ~) W~ — -y sin a

+ [(—a + y cos a) + y cos a & }2 (D—6)

where M = mass of the ball

= 
3 ~~b ~ 

= 263 gm = 0.018 slug

= density of tungsten carbide (WC ) = 15.7 gm/cm

Assuming the ball is rolling without slipping in the tube , the magnitude of

the angular velocity of the ball is related to the translational velocity

of the center of the ball as

W
b 

= 

~ 
[(~B ) T (~ B ) ] ½ 

2 2 .2 ½
= — [~

, 51fl -~ ,~~ + -~ C05 ,
~~ 3

= where 
~b 

radius of the ball = 0.625 in. (D—7)

28

111.1. 4 ,~~ - .L.~~ ~~~ =f~~~~ th  -



- 
-

~~~~~

Hen ce , the rotational energy of the ball is

T = ½ Ib
W

b
2 

= ½ (*M ‘
~b~~ 

(~~~) 2

=~~~ M y ~ 
-

The drag on the ball is viscous, Reference D—3 , since the tul~e is gas filled ,

the clearance between ball and tube is small and the ball moves much s lower

than the speed of sound. Hence , the viscous drag on the ball can be

represented by Ray leigh ’ s dissipation funct ion as

F = 

~~ D 
(~ I ) T 

~~~b ’

= ½CD 
2 ~2 (D—9)

where CD 
is a cons tan t  to be described later.

The total energy of the system then becomes

T = T  + T  + Tv b -y

= W~
2 {½A + ½J4 ( 2 + b2 + a2 + 2b y sin a —2a ’y cos a ) )

{½A + Ti’! (b
2 ÷ 2b sin a + 2 sin 2 a) }

+w~
2 

~½c + ½M (a
2 

— 2a -( cos ~ + ~2 cos 2 a ) ]

{—M (—ab — a y sin a + b y cos ci + 2 sin a cos ci ) )

& ~r4 (y~~ 
— a y cos CC + b y sin a))

~~ M— (
2 } (D— 10)

With the total  vehicle energy given in (;--- l~~) and the damper d is sipat ~ L-r I UOC

t ion given in (D—~~) ,  the  equa t ion  of mot ion of the vehicle and the  damper

system can be obtained as

29
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d ~
‘ T T

dt 
- 

~~ 
~~Y 

+ ~~ = 0

d 3T w BT + W  ~T — 0
dt ~~ X ~~ Z

-~~_ I L
dt 

~~ 
BWx X

4 — -
~~~ + 4 = 0 (D—1l)dt Ba

The rotational equation of motion of the vehicle can be written in the form

of Euler ’s rigid body equat ion as

AW~~-(C - A) WX
W
Z = TY

AWz 
= Tz (D 12)

whe re the torq ues Tx ,  ~~~ and Tz are ,

T
x
= —M r~~ 

(,~2 + b 2 + a2 + 2b y sin ci — 2a y coS a)

÷& (2Wx 
+ ~~) (b y cos a + a y sin - .)

.
~~~ 

(,,~
2 

— a y cos -~~ + b ‘~ sin -
~~ )

2 2 . 2 2 2 2(a — b — 2a ‘y cos a — 2b -y sin a — ~‘ sin a + y cos a)

+ (w~
2 

— W7
2 ) (ab + a y sin a — b y cos a — 

2 sin ~ cos a) ]  (9—13)

T~ = — M [W~ (b 2 + 2b y sin a + y
2 sin 2 a)

+ (
~~ 

— W
x
Wy) (ab + a sin a — b ~ cos -~~ 

— 
2 sin ci cos a)

30
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+ ~~~~ (
2 ÷ b2 + 2b y sin a — 

2 cos 2 a)

- . 2 .
+ 2W~ cc (b -y cos a + ‘y’ sin cc cos ci)

+ 2Wz ~. (b -Y sin cc + y 2 sin 2 a) ]  (D— 14)

Tz 
= —M [~ (a 2 

— 2a ‘y cos a + 
2 cos 2 cc)

+ (WY + W
X
WY
) (ab + a y sin a — b y cos a — 

2 sin c~ cos cc)

+ ~~~~ (— a 2 + 2a y cos cc 2 cos 2 
~)

2 .
+ 2Wz a (a ~ - sin a — y sin a cos a)

— 2W~ ~ (b ‘y sin a + y 2 sin 2 a) ]  (D l5)

With ball ’s equation of motion in tube given as ,

7 . .
-
~~ ‘ya + W~ (y  — a cos a + b sin a)

— W~
2 (b cos cc + a sin cc) — (b sin a + y sin a cos a)

— (a sin a — ~ sin a cos

2 . 2
— WyWz 

(a cos -
~ + b sin a — y cos a + sin

+ W~ ~ (a sin ca + b cos a — a sin a — b cos a)

~~~ (D—16)

The drag force on the ball consists of two components : the p ressure drag

and the viscous drag. For the case where the gap between tube and ball is

small , as in the GPS nutation damper , and the speed of the ball in the tube is

small compare d with the speed of soun d , it has been determined in Ref. D—3

that the drag force is primarily due to pressure drag. The drag force D ,

_______________ 
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can be written as

= 
~~~~ (

~~
3

g
~ ,;b

) 
S 

~ 
CDS

where

= viscosity of gas in tube

g = — ‘
~b~

’
~b 

= gap parameter

= inside radius of tube
1

S = speed of ball relative to gas

CD 
= dissipation coefficient

3
_ l35 a
— 

4x64 5/2g

For GPS nutation damper ,

p = 178.1 x 10 6 x 2.089 x ~~~ lbf sec/ft
2

g = (0.633 — 0.625) / 0.625

= 0.633 in.1

11ence , value of d iss ipa t ion  coef f i cient ,

CD 
= .0171 lb f / ( f t/ se c )

To handle the discontinui ty at either end of the damper tube , let

= —~ ~- at = ± a max

where

a max (8/159) rad = 2.9  deg .

= 0 for inelastic col lision

= 1 for elastic collision .
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The CPS req ui rement on half cone angle of nutation is to be less than

2 deg. The discontinuity situation is not expected to be encountered often

if the 2 deg. requirement is met .  The value of t = 1 would give a

conservative result in that less pre cession energy is dissipated at bottoming.

Hence, use of c = 1 is recommended for this reason.

NUTAT ION DMIPIN G TIME CONSTANT VERIFICATION

Nominal Solution Undamped Rigid Body Motion

Conside r a ri gid body wi th  symme tri c moment of ine r t ia  about the traverse
axes , i . e .,  I~~~ = I~~ in a torque free situation . The Euler’s equation

is reduced to:

r = -A

j ~~ = A

(9-17)

whe re

A = ( ~~~~~ 
I)~~~~ 

= ( -
~ 

- 
~~ 

(n — 1)
Xx Xx

The solution of the ab ove eq uation can be wr i t t en  as:

rwx = — B sin ~t

i~ W~~i .1Bcos :~t

[wz = Wz (O) (D 18)

wi th ~ = A Wz (0) (9—19)
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The angular momentum vector is written as:

~~~~
I
Xx
w
X~~B

+ W Y XB
+ I ZZ wZ~~B 

(9-20)

Since there is no exte rnal torq ue , the angular momentum is constant. The

nominal motion of the rigid body can be visualized as a constan t precession

about the angular momentum vector wi th a pre cession rate ~ and a nu ta t ion

ang le U which is defined as:

H1 \J~~~
2Wx

2 + I~~~
2W 2 I~~~B - 

-

tan U = — = = ( 1)—2l) -
H5 

IzzWz IzzWz -

Therefore : -

B = ( ~~~ 
x tan e ) w~ (9—22)

For small value of 6 , (6)  becomes

B~~ (‘zz 
~ ~~~~ 

( D—23)

A relationship between the rigid body ’s angular momentum and rotational energy

u s e f u l  for later development of the energy sink approximation is:

[T 
= ½1Xx 

(W
x
2 + W~

2 ) + ½1zz~
4z

2 
= + (D-2~ )

LH2 = H 2 ÷H 2
t 5

1 1  2
Hence H t

L 
= 

)OC ZZ 2T — !— (D—25) - -

z z xx zz

From (5)

2 - 
H
t
2 

1XX1ZZ 2T 1
S ifl 6 = —.

~~
— = 

— i 
— (I)—26)

H ZZ Xx H ZZ
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Nutation Damping Time Constant

The GPS nutation damper consists of a tube aligned with respect to the

vehicle spin axis . A ball inside the tube is dissipating the nutat ion

energy via viscous drag force retarding the ball’s r~otion . An approximation

procedure known as the energy sink concept assumes that the dissipation of

nutation energy does not change the system ’s angular momentum (which is

dominantly spin angular momentum). Hence equation (D—2 ~ ) car. he differentiated

with terti~ H neglected in this 
approximation, i.e.,

2IzzT
2 sin cos t~4 0 = 2 

(D—27)
(n- 1) H

For small value of 0,

. 
2I~~T

~ 2 
(D— 2 8)

(n—i)P

A further approximation involves

H2 H 2 — I  2 2
S 

— ZZ W~ (9—29 )

Hence

_ ___
i T

- -  - I 2 (0—30)

L
The energy dissipation T can be exp ressed as the product of the drag force

the ball experienced and the velocity of the ball , i . e . ,

T = — f v  (D 31)

I 35
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with drag force ,

f = C
DV

and the ball velocity ,

=

Hence the energy dissipation rate ,

T = 
~
CD 

2 -2 (D-32)

where a is the position of ball in tube defined as in Figure D—2 ,

= is radius of dampe r tube ,

C D 
= is dissipation coe f fi cient

From analysis  of nutat ion damper , the motion of the ball  in tub e was

obtained as

7 . .  . . 2
-

~~ 
~~a + W

x
(- — a cos ci + b sin -a) — W~ (b cos a + y sin a cos a)

2 . 2• —W~ (b cos a + a sin -~~) 
— W~ (a s~ n ci — y sin a cos 3

2 . 2_Wy Wz (a cos -a + b sin a — cos cc + y sin cc)

- CD Y
+ —

~j— ~~ = 0  (D 33)

With the geome t ry of moun ting such that  b = 0 and in t roducing the small

ang le approximations sin a a , cos ci 1 and neg lecting tern~ W~
2 and W~

2

as they are small for small nutation angle Ii , equation (17) becomes

+ (
~~~~~~

=)
~~~ 

+ W
~

2 ( - a)a = Wy Wz (a - ) - W
~~

(
~ 

- a) (D-34)

Using the expression of W as given in equations (2) and (7)

w~. = -n W~ cos t (D—35)
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Similar ly ,

W~~~ —O n W~ C05

Equation (18) can be re duce d to the fol lowing form :

.. 5C~ rs(~ — a)W Z 21
a +  -

~~~~
— 

~ L ~r5(-- - a) (2n - 2 )w 21
= — 9 

7 -Y 
— cos :~2t (n—3 6 )

The solution of the standard second order linear differential eq uation of

the fo rm

~z + 21, ca + 2 
~ = c cos - -t  ~D—37)

has been obtained in s t a n d a r d  textbooks as:

:c = 
~ t 2 2 2  2 2 C05 (Qt + p) ~ 0cc cos (Qt  ÷ ~) (D— 38 )
V ( a  — d )  + 4 b  ~

Compare (20) and (21)

2b = 5 CD
/ ( 7 M )

2 
= - a)W

~
2 / (7 ’Y )

c = - S (y  - a) (2n - n2)W
~
2
/(7Y) ~D-39)

From (22)

cc = — 0 -~ ~ sin (~2t + ;) ( D 4 0)

Subs t i tu te  (24)  int o (16)

= 
2 
C
D 

2 2 ~2 sin
2
(~~t + )  (0-41)
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The average value over a fu l l  period , i .e .,

:.t = 2 -  , is

~~ -½ CD 
2 2 ~2 o 2 

(D -42~ - 

-

since -
~~
-
~~ ~ ~‘ sin2 

(c2t + ~)dt  = ½

Substi tut ion of (26) into (14) gives

or ~ 

= 

[ l~~zzw:2J [½ 

~~ 2 
~~

2 ~, 2 
~21 

- 

-

ci
0 = 

~~~~~~ I 
~ (D-43)L2(m_l)Izzwz J

The time constant of nu ta t ion  damping can now be wr i t t en  as:

2(fl_l)IzzWz
2

T =  
2 2 2 (D-44)C y  cc

D o
where

ra o = 

~~~~~2 
— ~ 2) 2 + 4b 2 (2 2

2b = 5 C
D

/ ( 7M )
2 

= 
5 C Y _ a ) W

Z
2 / (7y )

= (n — l)W z

38
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The predicted mutation damping time cons ’ ant for the two cases of W~ =

100 RPM and W~ = 10 RPM are computed as follows:

Case 1:

r = 13.25 ft.

a = 10.25 ft.

m = 0.018 slug

C D 
= 0.0171 lb f / ( f t/ s e c )

‘Xx = 1~~ = 77 s l ug- f t 2

1ZZ 
= 94 s l u g — f t 2

W~ = 100 RPM = 10.47 rad/sec.

n = 1.22

ç2 = 2 . 3 1

2b = 0.6789
2 

= 17.72 8

2 
= — 16.84

a = —1. 348
0

T = 155.75 5 sec .
C

Case 2 :

= 10 RPM = 1.047 rad/sec.

= 0.231

2b = 0.6786

2 
= 0.1772 8
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c = —0 .1684

a —0 .84275
0

T = 398. 49 7 sec.
C

The nuta t ion  half cone angle history corresponding to Case 1 and Case 2

considered above are plotted in Figures D—3 and D— 4 respectively . These

results are obtained using the nutation damping simulation program where the

detailed dynamics of the damper ball and ri gid body dynamics are -

consi dered.

4C
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FT

100 RPM

= 76.3

~ 
~~~ = 78.3

L’zz 
= 94.1

0 C 4
( d eg)

4 -

3 -

2

“Ti me constant ” 150 sec.
(1 55.75 sec . was predicted )

Bottomi nq

0 100 200 300

Fig ure  0—3 . Simula t io n  1)ata
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10 RPM

= 76.3

,

~ 
~~~ = 78.3

I i  = 94 .1
C 4  L Z Z

(dea)
2.0

0

1.5 -

“Time Cons tant ” 365 sec.
C 398.5 sec. was p r ed i c t ed )

1.0 -

. 5 -

0 I I

0 100 200 300 400 500

Figure D—4 . Sinai latio n Data
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APPENDIX E

MODEL FOR GPS DIGITAL SPIN SUN SENSOR (SSS)

This appendix documents the GPS spin sun sensor (SSS) model. It has been programmed

on a digital computer , and the simulat ion performs satisfactori ly. Figure E-l shows

a flowchart of the math model which is based on the data of the references and the

assumptions listed in this appendix . The main simulation program will provide the

model with the sun vector in the spin reference frame and the spin rate at each sample

instant .  The model will provide a flag indicat ing whether  or not a pipper command

pulse will uca-Ul- during the next sample interval , the t ime to the pipper pulse from

the current sample instant, and the solar aspect angle at the pipper pulse occurrence.

DISCUSSION OF TUE ~\1ODEL

A flowchart of the preliminary math model for the SSS is shown in Figure E-l .  It

accept s from the main program the spin rate and the sun vector in the spin reference

f rame at the sampling instant .  To simulate the asynchronous pipper pulse wi thin  a

synchronous simulation , both a flag and the predicted pipper pulse time from the

current  sampling instant is output when the pipper puls e is predicted to occur within

- . the next sample period . Tsamp~ 
The measured solar aspect angle, nominally the

angle between the Z axis and the sun vector and specifically the angle between the sun

vector and the sensor Z axis , will he computed the time of the pipper pulse .

quant ized , an d out put to the m a i n  program along with the flag and pipper pulse time.

To perform these computations , the model must be initialized with the angular align-

ment of the sensor and the or ienta t ion  of the spin vector with respect to the vehicle.

The SSS model described in Figure J- -l is based on the 1/ 8/ 75  spin sun sensor procure-

rnent specification and t h -  assumptions listed in Table E—1.  Table E-1 lists the init ial i—

zation 1 : i t c  r equir ed by the model. Table E-2 lists the input data to the model from

the main program , and Table E-3 lists the outputs computed by the model. The inter-

mediate variables in terna l  to the model are described in Table E-4 .

The notation [eli denotes a rotational t ransformation by the angle 8 about the j axis.

Transformat ions  used in the model and those suggested to be used in the m ain program

to obtain ~W , the sun vector  in the spin frame at the sampling ins tant t , are def ined

in Figures E-2 through E-7.
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Figure E- l .  GPS SSS Model Top Level Flowchart
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‘I’ABLE E-l. INITIALIZATION DATA

Variable Uni ts  Description

Degrees Figure E-6

B Degrees Figure F-B

V~_ Degrees Figure E-6

-
~~~~~ Degrees Figure E-7

Degrees Figure E-7

T.\H1.1 -: E-2. INPUT DATA FROM MAIN PROGRAM

all U nit~ Description 
-

T ~- ( c c I n ( l s  SSS Sample Period

- Radians! Spin Rate
Second

S (t )  Sun Vector  in Spin Reference  Frame at
W Sample Irf stant

TABLE E-3. SSS OUTPUT TO MAIN PROGRAM

Variable Units Description

T . Seconds Time from beginning of cur rent  sample - .

pipp~ r 
in terval  to time of pipper pulse .

S I I N \ \ç  l)egrees Angle between Z sensor axis and sun vector
- (solar aspect ang le).

I - e Flag set to 1 if proper pulse occurs duringpipp r 
cU r ren t  interval.  Set = 0 otherwise.
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TABLE E-4. INTERNAL VARIABLES

Variable ~ n it s  J) e sc r ip t ion

IT - ,  ] Sensor to ‘iehicle t r a n s f o r m a t i o n.
\ 1S Transpose  of [T s / vJ .  ( See Figure  E - 6 . )

IT~~~çJ Vehicle  to spin t r a n s f o r m a t i o n.  (See
Figure E - 7 .)

[Twis] Sensor to spin t r a n s f o r m a t i o n

IT w/s l = [Tw/ T [Tsi I

13w Bo resight vector in spin f rame.  (See
Figure E -5 . )

N Normal to sensor plane in sensor f r a m e .
- (Sec Figure E -5 . )

B R a d i a n s  Sensor measured value of comp1~~me nt  of
t he sun angle.

Sensor plane normal  vector in spin f r ame .

Sun vector in sensor frame .

JTER Iteration counter.

Llni t  vector along sensor Z axis.

T~ Seco nds Value of Tpipper f rom previous i terat ion.

B’ Radians Val ue of B f rom previous i t e ra t ion .

The method of solution for the pipper command and puls e time and the analysis

performed to develop the model are documented fri the subsection entitled ‘ Method

of Solution. ” The analysis showing the effect of the quasi-stationary spin axis

orientation is also documented . The model does not include sensor dynamics or

anomalies in the optics .

ASSU M PT IONS

• The orientation of the spin axis to the vehicle axes is defined in Figure E-7

and is constant. Nominally, the spin axis and the Z vehicle axis are aligned.

• The sensor reference frame and orientation to the vehicle axes are as defined

in Figures E-5 and E-6. Nominally, the Z sensor axis is parallel to the spin

axis.

49

_________________________ - ________



ox~ ,x I

Iz’I Z Oz

INERTIAL FRAME CR811 FRAt.~E

X
1 

- in celestial equatorial X — ascending node
plane pointed toward 0 -

verna l equinox

- in celestial equatorial - lies in orbit plane
plane at 90 degrees right 0 and 90 degrees from X
ascending 0

Z - perpendicular to Z0 
- perpendicular to

equatorial plane orbit plane
(nominally toward Polaris) (right-hand triad)

TPAN SFOR MAT IO N FR OM IME RTIA L FRA ME TO THE ORBIT ORIENTE D INERTIAL FRAME IS

[To,1] 
= [i1] [a ’]

where cz
1 

= right ascension of ascending node

i 1 orbit inclination

Figure E-2. I) efin it ion of Transformat ion from the Stellar Inertial Frame
to the Orbit Frame
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MOMENTUM (H) FRAME

x -0 LH 
— along snin vector

- in tersect ion of o rb i t
plane and plane normal

- to spin vector .
Displaced from V 0 by
angle

X H 
- com pletes rinht-hand

orthononal triad

[TM / nj  [
~

} [~
r
0] 

= 0

This is a time varying transformation driven by the control system where

= the angle from about Z0 to the projection
of the spin vector on the orbit plane X0V0

B0 
= the angle between the spin vector and the orbit

plane normal

Figure E-3 . Transformat ion  from the Orbit (0) Frame
to the Momentum (H) Frame
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Figure E-4. Transformat ion from the Momentum (H) Frame
to the Spin (w) Frame
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+

is along N , the normal to

the B = “ plane ~p lane of
SEMSOR PLANE(o = O’l the r’arrcw field of view).

J X 5 is along B , the boresight

which is the intersection

of the plane 0 = 0 and the

plane ~ = 0.

Z~ co npietes the ri g ht—hand

orthogonal triad.

Figure E-5. Definition of GPS SSS Sensor R eference Frame
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This is a constant transformation where
= angle between the Z~, axis and the projection of the

spin vector on the X~, - Z~, plane
= angle between the spin vector and the - 2v plane

Figure E-7 . Defini t ion of GPS Spin Reference Frame and Transformation
from Vehicle to Spin Reference Frame
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• The sample period T
SAMP will  be 0. 05 sec or shorter  to preclude the sun

vector  from entering the active region of the sen sor -  from the opposite side

of the vehicle ( lur ing one sample period .

• The rate of angular displacement of the spin vector in inert ial  space will be
less than 0. 01 de~ /T 5~~~~~ so that angular disp lacement of th ~pin axis dur ing

~sAMP will he negligible. This will allow prediction of the pip~ r pulse from

the spin rate and geometry without  accounting for spin vector displacement .

• At each sample instant , the simulation main program wil l  provide the SSS
model with

1. Spin rate W~ about the  spin axis  in rad/ sec , and

2. ~~~(t)  
the sun vector in the spin frame.

• The pipper command pulse occurs 0. 25 deg/cos B ahead of the crossing of
the sensor (B = 0) plane. The repeatability of the  pulse with respect to e = 0
is 3 arc minutes for repeated crossings at constant B.

METHOD OF SOLUTION

The method of solution is to predict , from the sun vector , sensor plane unit normal

vector and the spin rate , the t ime  of the pipper command pulse , and the measured
solar aspect angle at that ins tan t .  It is assumed that the spin axis is quasi-stationary
as explained in the next subsection.

Define the pipper command plane with unit  normal to contain the sensor Z axis and

the sun vector a t  the time of the pipper command pulse. The unit normal can be
de fin ed in terms of N s. the normal to the sensor (B = 0) plane shown in Figure E-5 .

is the result of the rotat ion of N
5 0. 25 cleg/cos B about the Z sensor axis , where

B is the complement of the measured solar aspect angle also shown in Figure E-5.

(-0. 25/ 57. 3~~( 1/cos 
~~~ 

(E- 1)

This relationship between the pipper command plane , sensor plane , and aspect angle
is defined in Reference  E-1. At th e  t ime of the pipper command pulse , the sun vector

lies in the pipper command  plane;  therefore , the sun vector S and the normal P are
perpendicular  at this i n s t a n t .  Thus .
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T

S~ P 0  (E-2)

The solution of Equation (E-2)  will allow the prediction of the pipper pulse time. If

sensor , vehicle , anti spin reference frames all have Z axes al igned , the solution is of

closed form. However , these f rames , in general , will not be aligned , so an i terative

solution is shown in Figure E-2 . The solution of Equation (E-2 )  will be done in the spin

reference frame so that  only rot at ions  about one axis need to be considered . The sun

vector in the spin f rame ,

= [ r \\/fl] ~~~~~ 
[T011] ~ 

( E — 3)

where the t ransformat ions  from the inert ial  f rame to the spin frame are defined in

Figures E-3, E-4 , and E-5 , will be input from the main program at the sampling

instant.  The pipper command plane unit  normal in the spin frame

~~~~~~ 
(~ s/v1

T
[(0. 25/57. 3) 1/cos (E-4)

will be computed in the model. The transformations [Tw/v} and {Ts! vI are def ined

in Figures E-7 and E-8. The ini t ia l  value of B is computed from the sun vector

at the sample instant :

= SIN
1 

~s [T
i I [T W/ V I

T 
~~~ 

(E 5)

At the instant of the pipper pulse , T - , the sun vector in the spin frame will bepipper

S (T - ) = [W 1 - I S - (E—6)W pipper S pipper

because the spin frame rotates about the Z axis. W~ is the spin rate (about the Z spin

axis) and T - is measured from the sample ins tant . Incorporating (E-4) and (E-6)
pipper

into (E—2 ) ,

(rw 5 Tpipperl ) ~w 
= (E-7)

Evaluating Equation (E-7),  one obtains

(sin W ‘F )(S P - S P ) + (cos W T . )(S P + S P ) -S P (E 8)
S pipper y x x y S pipper x x y y z z
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Figure E-8. Sun Vector Rotat ion

which has the form

sin B B + cos B A = -K

Equat ion  (E- 8) can be reduced by t r igonometry  ident i t ies  to

- S P
- z zsin(W T - 4- cb) 1S pipper (S 2 P 2 + + + S 2p 2 ) 2

x x  y y  y x  x y

- S P
— - 

z z

.\J~~~S 2 )( 1~~P
2 )

where
S P + S P

• ~~-I x x  v vsin 

~~~(l~~S
2

)(i~~P
2 ) - 

-

Then ,
- S P  S P + S P

T . = sin~I z z 
- sin 1 x x y y 1 ( E-9)pipper 

~~~~ -S~~)( 1-P~~) ~~~~~~~~~ 
W~

Examining the second term , we see that the opposite sign is needed so that, for positive

spin rate and P , P , S , S positive , the t ime T . will  be positive for the timex y x y pipper
required for the sensor to rotate so that  the sun vector is perpendicular  to the plane

normal P (Figure E-9) . Examining the fi rst t e r m , we see also tha t  the sign is wrong

because the sensor must be rotated f a r t he r  to cross the sun vector when S and P are
7 7

of the same sign than when they are either zero or of opposite signs (Figure E-9) . Thus ,
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S F  S F  4 S P
- ‘ T - = ~~~~~~~ sin g — 

Z Z 
+ sin 1 X X Y Y 1 (E- 1O)

pipper W~ 
~~~~~ S 2 )(1 P 2 ) \

G_S2 ) ( l_ P ~~) j

Because the sensor f rame is not aligned to the spin frame , the measured B is recomputed

for the sun vector in the sensor f rame at T - . Equation (E-1O ) is then iterated with
pipper

P based on the new value of B. This i terat ive process can be repeated until  the T -p pper
- - - -  -- - 

- - 
and/ o r  B converge to acceptable to lerances or for a max imum number of i terations.

If T - > T , the pipper command will occur following the  next sampling. If
pipper samp

Tpj pper < 0, the pipper command has alread y occurred in a previous samp le period.

There is also a random error  which must  he added to T - . Tt is the 3 arc minu te
pipper

repeatability of the pipper command at B = 0. This repeatability is assumed to be the

same for repeated passes through any angle B .  The random t ime error wIfl be modeled

by a nominally d is t r ibuted random number represent ing the uncer ta inty  in the time of

the pipper pulse. The 1 sigma value of this time uncer ta in ty  is

1/20 1
~ 

t rand ~~~~~~~~ 

sec

If the spin rate is variable , a random number generator which has a variable s tandard

deviation will be needed.
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SIMULATION A C C U R A C Y  WITh ASSUMPTION OF
QUASI- STATIONAR ~i SPIN AXIS

The GPS SSS is designed to operate in the spin rate range of 5 to 100 rpm . To model

the sun crossing p ipp er  pul se t ime  hut ma in t a in  a relatively long sample period TSAMP .
i t is necessary to predict  the t ime  wi th in  the sample period (luring which the pipper

pulse occurs. It is assumed that  the rate of change of the spin vector o r i en ta t ion  is

suff ic ient l y smal l  (less than .0 1 deg/ T~~~~~~ ) so that  the angular  motion of the  sensor

wi th  respect to the s u n  vec tor  can be approximated  b y th c- an g u l a r  motion about the spin

axis location a t  the la st  s ample  i n s t a n t .  Then the p red i c t i on  of pipper pulse t ime is a

s t r a i g h t f o r w a r d  compu ta t ion  f rom the spin rate  and the s u n  vector  in the spin fram e at

the last s amp le i n s t a n t .  If the spi n vector or ien ta t ion  wil l  he changing faster than . 01

(ie~~/ ’1’~ A\IP ’ the n the  model needs to be changed to use in iterative method or to ex t r a—

po lat *- the  sun  v( ( - to l -  to t h e  spi n f r a m e at  t he  i n s t an t  of pi pper cros sing.

The m~ixi n i U f l i  spin axis  e l i  en t a t  oil rate i r c or d i n g  to the Reference E—3 precession

~ 0nL el mode is . lU G  deg per j et  f i r i n g .  The (lu r at ion of f i r i n g  is . 111 sec and firing

occurs  once pci revolution. Ki 0cc the precession equations are derived from

or

• T~~~W x h k

‘r = w h
\ y

‘1’ = -w h
y N

the  ~et torque causes ra te  r a t h e r  t h a n  acce le ra t ion . The precessio i ra te  wil l  be

. 186 deg / . l l l  sc-c 1. 66 deg/ see .

‘I his  c i t e  of chang e ( if  the sp i n axis or i (ntiti on does not occur  as a c o n t i n u o u s  func t ion ,

hut  the r a t e  is present  for about 60 (leg out of each rota t1o n . With a sampl ing  period

of .005 see , the  error in  spin axis  o r i e n t a t i o n  knowledge a t  t h e  predicted pi pper pu lse

ti me would he i l i out  . 008 leg in the worst ease. Worst  case will  occur when the  pipper

pulse u - c u rs at the en d of t h e  s impl e  in t e r v a l .  This  wil l  be an error  of . 008 cleg in

the aspect  ang l e  m e a su r en wn t  wi th  negligible error  in the pi pper pulse t ime .
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APPENDIX F

REACTION JET MODEL FOR GPS INDEPENDENT ANALYSIS

This appendix present s the model for the GPS reaction jets . This model is based on

the model used in the 3XA’F S simulation. Both ATS and GPS use Rocket Research

Corporation monopropellant hy drazine thrusters . Any data that  was not available from

Rockwell was extracted from ATS documents .

MODEL DESCRIPTION

The model consists of an in i t ia l iza t ion  section and a normal operation section. The

in i t i a l i z at i on  section performs one- t ime computations and clears outputs and counters .

‘l’he normal operat ion  section receives je t  commands from the controller and outputs

total je t  force and total jet  torque on the spacecraf t . The follow ing are system charac-

ter ist i cs  inc luded  in  the model :

• Thrus t  increases w i t h  catalyst tempera ture  which increases when the jet is

f i r ing and decreases when the jet  is not f ir ing.  The time constant for heat ing

is less than t h a t  for cool~ ng•

• No th rus t  is developed if the jet  command is less t h a n  the min imum on t ime.

• l’hrust start and stop t imes lag the jet  command s tar t  and stop times due to

valve response t i m e  and hy draz in e  b u r n  response.

• E ig h teen  th r u s t e r s  are used .

• T h r u s t e r  torque depends on var iable  spacecraf t  cg locat ion .

The following are  jet  sys tem cha rac t e r i s t i c s  not inc luded  i n  t he  model:

• l )v n a m ic s  of the t h r u s t  c- iso i t  turn -on and t h r u s t  decay at tu rn—off  must  be

considered beca use of the i m p a c t  on computer run  t ime.  The s ta t i c  model

will  be adequate for all hu t  d i f f icul t  l imi t  cy cle cases . These l imit  cycle

Cases  should he s t u d i e d  us ing  a sing le— axi s  s imula t ion  and correlated wi th

st a t i c  n ioc le l  r e su l ts . -\ dyn a m i c  model can be provided if necessary.
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• Changes in thrust  due to supply pressure reduction with fuel consumption is

not modeled. The supply pressure changes will be very slow. Stability should

ho analyzed with both high and low supply pressure by changing the thrust level

in i t i a l i za t ion  inputs .

• Dynamic changes in thruster  position ari d angular alignment are not considered.

The spacecraft is very st iff .  Cases of extreme position and angular alignment

should I~)( r un .

The je t  model 1low diagram is shown in Figure F-i .  The loft arrow ( — )  within boxes

indicates replacement , i . e .,  the expression on the right replaces the variable on the

left . Mathematical subscripts arc used . Symbols used in the flow diagram are defined

in the sections below. Comments appear outside  the boxes to describe the operations

wi th in  the boxes .

JN I’I IAI  hz Al ION DA ’I’~\

i’ab le I - -I  l i s t s  th ( i n i t i a l i z a t i o n  parameters, nomina l  values , tolerance, and source

of d a l i .  This data is to he input  at the s t a r t  of each run .

INPUT - \ N l )  OUTPUT I

‘l able 1 — 2  l ists t h e  in p u t  dat a  t h a t  the je t  model expects from the calling program each

t im e  th (  j e t  subrou t ine  is cxecuted in the normal mode.

Table i — : ~ l i s t —  the output d a t a  from the je t  model subrout ine . Other subrout ine

variables c-n e he o u t p u t s  i t  the user desires.

I X l E H N - \ L \ A R T A I I  I ES

l i i t c - r n il v a r i ab l e s  us c-cl in the  flow d iagram are defined in Table F — 4 .
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ENTER NOTE LEFT ARROW I - S  INDICATES
OPERATION

CACE - - COS A CR5 8 JE T THRUST

- ~~~ A , SIN E~ 
NT

SO -- - S IN A~ COS ;NES.

CON - • 0N~ T H R U ST RI SE A N O

C U F F  I , If OFF~ 
O ECA Y INCR EMEN TS

JET CY R . 0 iNITIALIZE JET PULSE COUNTER
T OTJT - o T OTAL JET ON TIME INIT IAL

THR UST A N D  TIME UN T I L  J E T
F SAV .- F M I N  TURNS OFF
PTOFF — 0

ON DELAY QUANTIZED TURN ON DELAY .

LM 
- I N T E G E R  ~~~—— CONST RAINT 0 M ER

U JET2 I - o J INITIALIZE JET COMMAND HISTORY

I - I’ I LOO P F O R D S  PREVIOUS COMMANDS.

I - - LOOP FOR II J ETS

TO JET 0
CLUAR TORQUE .TYJET - FORCE . A RE

TZ J ET 0 JET COUNTER
P0101 O UTPUT S

FYTOT 0
FZTOT - 0
J ETCT - 0

[ TY M - D 1 INITIALIZE JET SURRO L ITINE
TIME COUNTER

MI NIMUM ON TIME QUANTIZE MINIMUM
ICMIN - I • INTEGER —--—-— _ _ _ - - ON TIME.

________________________________________________________________ CONSTRAINT 1 — I C MIN — ~~* I

EN D OF INITIALIZATION

l-’igurc F-l . Flow D i ig r a m  of R eac t ion  Jet Model
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9
TYM - TIM • DEL j INCRE MENT TIME COU NTER

CLEAR TO RQUE FORC E , AND
JET COUNTER OUT PUTS FOR
UPDATE

TXJE I -—

TYJ ET - -  0
TZJET - 0

E XTO l

FYT OT ~ - o
FZT OT — o
JETCI

JET2~ 
- JET2 

* UPDATE HISTORY
OF JET COMMAND S

L J ET2 20 - JET PUT LATEST JET
___________________ 

COMMA ND INT O H ISTOR y

J E I 2  2 D M  0

~~~~~~~~~~~~~~~~~~~~~~ l UM

~~~~~~~~~~~~

so: 
- 0 

~~~~ ~~ T COM MAND 
~~~ NiNG ON

(~~
)

J ET TURNIN G O F F I  COMMAND

l i g u r t -  I - — I .  111 w Di ~ c ’ui el I I ( - ; I e t i o i l  I I I  \ I I i - l  (e ndt inl1I d~
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C

PT OF F 1 — TYM + OFF D E L A Y  COMPUTE ACTUAL
ON DELAY OFF TIME.

- INTEGER ‘- S
1’ 

~

D

YES
PTOFF 1 > TYM + DEL DON ~

- DEL

(JET WILL STAY
NO ON AT LEAST

ONE MORE INTERVA L)

DON ~
- PTOFF 1 - TYM

U
DON

(JET WILL
S 

~O STAY ON FOR
PART OF INTERVAL .) 

(._)
(J E T IS

OFF. )

FSAV 1 - FSAV 1 + (FMIN 1 - FSA V , ) C O FF 1 DECREASE JET THRUST
I POTENTIAL DUE TO

- 
CATALYST COOL ING

FJET 1 •- o SET JET THRUST TO 0.

F - i g U c - I I 1 .  t ill , I d  ~~1’ [ I l l  I l l  R I - . I c - i i o n  I t t  \lodel (cotit inuecl)

Gd

~~~It.lht • t ______ 
N ___________ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - I
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E F R O M  SHEET 2

‘--20-M 1 ~~

JET2 1 J H

(JET SIGNAL NOT ON
=1 FOR MINIMUM TIME -) - -

H

19-M +ICMIN

19-M-+ICMIN -
I (OK TO TURN JET ON)

J ETCTR 1 J ETCTR , -I- l INCREMENT JET PULSE COUNTER .

FJET 1 ‘— FSAV 1 
SET JET THRUST , SET INCREMENTAL
JET ON TIME TO t INITIALL Y.

DON — DEL

PTOFF 1

TYM + DEL — —-—--———-—-_______

(JET IS STI LL ON FROM
A PREV It ~US COMMAND. )

> PTOFF 1

DON — DEL - ON DEL A Y SET INCREMENTAL
ON DELAY ON TIME TO ACCOUNT

+ INTEGER - - ‘ FOR TRUE ON DELAY.

G —_ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Ii I I I  I - 
- I . II I\’ . I Hg I .  I l l )  c t  HI ‘ 1  I I  i l If l  l i t  M O i h i  ( e o n tj  To ed)
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EJET - FSAV SET JET THRUST SETI I INCREMENTAL ON TIME
DON - DEt. TO I

162
INCREASE JET THRUST DUE TO

FJE T — IFJE T ,*tFSS -F JET 1 ) C O N 1 0 0 N /D E L  CATALYST HEATING. TAKE FRAC-

1 lION OF THRUST EQUAL TO
FRACTION OF ON TIME

TOTJT TOTJT 1 +DON 1 TOTAL JET
FSAV 1 - - FJET 1 DEL/ DO N j  ON TIME SAVE

THRUST LEVEL.

FX -  - CAC0 ‘FJET COMPUTE COMPONENTS
I I I OF INDIVIDUAL JET

Fl 1 - CASB ’ FJ ET FORCES.
Fl ~

— SA 1 ’FJET ,

FXTOT F X T O T + F X 1 SUM T O G E T TOTAL

FYTOT -- FYT O T~~FY 
SPACECRAFT

FZTOT - FZTOT + F Z

IL
X L — NOZZLE X 1 - XC G COMPUTE NOZZLE

Vt NOZZLE V~ - YCG COMPONENTS
it , •- NOZZLE 1 - ZCG

TXJ 1 
- - FZ , Y L - Fl 1 ‘ZL COMPUTE COMPONENTS

TV J~ - FX ‘ZL - FZ ‘X L 
- FT TORQUES.

Fl 1 ‘X L -

F

________________________________________

TXJET — TXJET I-TXJ SUM TO GET TOTAL
JET TOR QUE ON

TYJET TVJ E T ~TY J SPACECRAFT
- - TZ JET ~TZJ

F I SUM TO GE T
TOu T TOTJT ’JETCT R 1 ] TOTAL JET PULSES.

+~ I
10

B L O O P  F OR 1 8 JET S

~~~~~~~~~~~ END OF JET SUBROUT INE

t ’ o g c I I - - V - I . I l a w  t f i g  i ; i n ~ of Re d d - t i o l l  Jet Model (concluded)
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‘l’ABLE I - — i . I N I T I A L r Z A TI ON  DATA F ()H rET MODI-;r.

- - . - Nominal - -Parameter  Subscript 1 f li t s  - Sour a I olerance Source
~ a lu e

Nozzle N 1 feet 2 . 833 :\aI i- 1 N ed N u n-
coordinate 2 2 . 833 v i i  l i i i -

3 2 .833
-l 2 . 833
5 -2 .833
6 -2 833
7 — 2 .833
8 -2 . 8 3 3
9 2 . 667

10 2 .667
11 2.667
12 2 . 667
13 — 2 667
14 -2.667
15 —2 .667
16 -2 . 667
17 2 . 817
18 — 2 . 2 17

No,~zle y 1 fa i l -0 . 4 17 Na t  ~
- I N ot  Non e

co o r d i n a t e  2 II - -11 7 ,cv .i i lab l e
3 0 . 417
4 - 0 . 4 1 7
5 -0 .417
6 0. 4 17
7 -0 . - 1 2 7
8 0. 417
9 -0 . 708

10 — 0 . 71) 3
11 0 . 708
12 0 . 702
1 3 - ‘ ( . 708
H - 1 . 708
15 0 .708
1 6 0 . 7 ( 1 1 3
17 0
i t) 0

N a t

1. Sc 1 1 1 1 1  f rom 111535 t I  ( n  i \ 1 0 5 - n O ( c ) l I ) 7 l i - - . c , 1- 7 7 - 7 5 .
2 . Rockwe l l  (;PS P1)0 t n .  ni to ul .

It . C000’I t j i i ) i I I I l  flO ‘ 1 1 1 1 ) 3  l i c t i ’ - , , 1 / 20 /7 5 .
4 . R ockw el l  5~-i~ - i t i c  t h In S IC  32 1—00111 . 10/2 1 /74.

5 . R ock w el l  Sp c i f i c l i e l l  \ t (  3 2 1 — 0 0 1 1 , 10 / 2 - 1 / 7 4 .

6. (SI’S 0 .1 l , 11 t  L I V  S . Q u a l i l i i ~~l i on ‘F .- t I t -p ar t , L l ) I l t .  I t - I n  .-\00.n , 51 n i h  31 ,

7. ( 1 ’  5. 0 1 I t t  l ) I -\ , I .,) ’  1 1cc ‘ i n  l i - t 11 n i b , ( ‘1) 01 .  1k-n i 5)1 05 . S l t lr c h  31 ,
1 (76 .

It . l ’ n o ’s m at c h  a~~ 5 , 3 — . P i o - -~ n - - P i i i )  H , 10 and 13 , 12 nd 15 , 11 10111

16 , 3 and  6 , 4 and 5 , 1 and 7 , 2 1111( 1 11, 6 :t i ic l  7 , 2 and 4 , 1 and 3 , 5 and 8,
P an d  15 , 10 c l O u t 16 , 12 ;ind 1-i , 11 and 13 .
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TABLE F- i .  INITIALIZ ATION i)ATA FOR JET M Ol )E1  (continued)

Parameter  Subscript I 1n i ts  Nominal  Source .- Tolerance SourceValue
Noz. i le  Z 1 fee t —0.  458 N ot e  I No ) Non e
coordinate 2 —0.  458 c v c u l l c b h -

3 0 . 458
4 0. 458
5 -0. 458
6 -0.458
7 0. -15 0
3 0. 458
9 -0 . 1 7 5

10 0 . 1 7 5
11 -0 . 175
12 0. 175
13 — 0 .  175
14 ( 175
15 — 0.  175
16 0 . i 7 5
17 0. 567
18 -0 . 5 6 7

— Jet a l ign— I uk - i 2 7 1 )  N a)  a 2 +2 , 3~ N ot e 3
ment  A 2 .‘70
( ro tat i o n  .1
f rom N 4 in
about 5’) 5 270

2 7 ( 1

7 90
8 4 ) )

9 0
10 0
11 0

S 12 0
13 0
14 0
15 0
1); I I

1 7  I I ) )

13 270

Jet a l i g n —  I e t e g  0 \ & l .’ 2 -1- 2 , Ii,: N o t e  S
nit-n t It 2 1)
( r c t i  t i c  in 3 0

r u  i d l i  5.~ —1 0
about 1) 5 11

0
7 0
11 0

90
1)) 90
11 270
12 1)70
13 i i ) )

1-) itO
i S  270
111 27 ( 1
17 0
l i t  0

72
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TABLE I - - I . INITIALIZATION DAT- N FOR JET MODEL (continued)

ParHmeter  Subscript  Units Nomina l  Source Toler -ance Source\T alu e

Jet thrust  1 lbs 0.09 N a t i - ~ +1 0” , 3~ Notes
at 204 °C 2 0 . 09 6 a t  7 4 a n d 8
catalyst, 3 0.09
F M I N  4 0. 09

5 0 .09
6 0 .09
7 0 .09
8 0.09
9 0.09

10 0.09
11 0 .09
12 0 .09
13 0.09
1 4 0 .09
15 0 . 09
16 0. 09

Jet thcust 17 - 1 .0
t 35 t :  18 4 . 0

FM I N

Jet t h r u s t  1 1i~~ 0. 1 N ot e s  N a t  N o n ~-
at hi ghest  2 0 .1  Ii a nd  7 u v c u i l : i b l i -
c a t a l y s t  3 0 . 1
t e m p e r a t u r e. -1 0 . 1
1- 55 5 0 .1

6 0. 1
7 0 .1
8 0 . 1
9 0~ 1

S 
10 0. 1
11 0. 1
12 (1. 1
13 I I . I
11 (1 .1
15 0 . 1
16 0 . 1
17 . 0
111

Thr ust  n - i  s~~- I - a c  0 . -1 N a t , ’ s  N at  N i na-
1m m , -  2 0 . 4 6 1 l i l t  7 av :iilahlu
const ant , 1 0 .4
- I N  -

I t t 1). -1

Th ru st  I sec 0 , 0 N o t i -  Not  N aI i e
— n l e c , i v  1 1 1 1 1 -  2 0 . 0  6 t n t  7 v aj l a b le

( , n n n s t , i n t , 1 (dO
-01- F

13 (1 . ))
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‘I’ABLE F - I .  INITIALIZATION DATA FOR JET MODEL (concluded)

Parameter Subscript uni t s  Nominal  Source Tolerance Source\- aloe

Jet on delay 1 SeC 0. 025 Notes  Not  None
2 0. 025 6 and 7 availabl e
1 0 ,0 25

18 0.02S

Jet off I sec 0. 075 N o t e - s  N o t  N o n e
delay 2 0 , 075 6 and  7 a va ilabl€’

3 0,075

18 0.075

Slinimutmi — — s i - c  0 , 05 Not  (‘S Not None
- on t i m e 4 and 5 : i v c u i l . c l f l e -

T -\ FILl- ; F — 2 .  J N P I 3 [  DAT -N FOR JET 5 I O l) E L

i-low
1 ) i - ) c t n i t i o n  i)ia~ n - ,inm I) i oimenm ’- c inun I\pe I ni ls

S\ 0110)1

511 ) 111 coot n e l  (‘lag 5i , I~ 1’ O I o  = Norma l

Jet Ce il l if l i  t i  id f i n n  in
coot roller (Sub,—w- n- ip t  i.s Jet 1 3 l i u t u - g i  n I On
) - t  number)  0 = Off

Si ; l c - r a  ft c -g \ e o o t i i i n a  I c  ‘\ ( G  lIe -al 1-1- I

51 .  c i - r -r a ft e - g  S C O o t ’ i f l t l 3 I l ( -  ‘i CC I C - t i  I- u - I - I

eec - i ’ a C g /. lIIordiIi. I l u -  i l L  RI 1 l i t
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‘l ABLE F-3. OUTPUT I)ATA FOR JET MODEL

I- ’low
Definition Diagram Di rnens ion Tv pc U flits

___________________________ Symbol 
____________ __________ _____________

Total number of j e t  
~ In tegerope ra t ions

Num ber of opera lions for 
JE (‘i ’ H 1 8 Integereach je t

Accumulated on tin ) I - 
‘l’( 3fl 18 Real Seconds

for each je t

N conupon e ni of total  je t  
~~~ I O ~I i~ c- a ;  Pounds

force’ on sp a c e e u-at t

S c o m p o n e n t  of t n t  al j - t  
~

--
~~ T I fl Rea l  Potu dsforce  on spacer  r i f t

i component (I f t o t - c l  ~~e t  
1-7 T( Y1 Heal  Poundsto y - ce Ofl s p u  1 1 5 t H  ft

- FootTotal  je t  t o r q u e  tlb ou I. 
~~~~~~~~~~~~~ i l t -a l  

poundsN ax i s

‘(‘01111 j e t  torque about  
TN JET ~C - , i l  

~ i~~ o~cLs5 axis

l-’oott otal i t  lOI C1Ue alan it  T/ Ti ;i 11 i’ai
/ a x i - i
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TA R T E F-4. I N T E R N A L  VARIABLES FOR JET MODEL

Flow
Def in i t ion  Diagram 1) innension Type U n i t s

Symbol

Thrus t  It i r e c t i o n  cosine CACB 18 Real

Thrus t d i r ec t ion  cosine CASH 18 Re al

Thrus t  d i rec t ion  cosine SA 18 Real

Thrust rise m e r e - m u - n t  CON 18 Real

T h r u s t  deca y i n c r e men t  COFF 18 Real

Potent ial  j e t  th rus t
- F SAV 18 R i - c u  P ouo in l sfrom previous cycle

Predicte t time for jet -P 10FF 18 R e a l  Sc-rondsth rus t  to go off

Qu an t i z  ed on d e l i s - 51 18 In tege r  (v c le s

His tory  of jet  comman d s  .JF7I’2 18x 20 I n t e g e r

Time since s t a r t  of run  TYM Double Seconds
precision

Quant ized Ciii I1) n1 am l i l t  - -
- I C -SU N In t ege r  Cyclest ime  -

Inc remental j e t  on Ij  ni a t )(  IN R ac t  I Seconds

.- \ c t u c u l  j u t  t h r u s t  1- JET lit Real Pounds

N c o m p o n e n t  of j e t  force UN I I I  Rea l  Pounds

5 c ornp onc - In t  of j e t  f o r c e  i 18 Re a l  Pounds

Z c o m p o n e nt  of i t  t o n - i a  F l .  18 R e , u l  Pounds

N component  of li / t a  N I .  18 Oct1 1 F e e tnl o r n e n t . ac id )

5’ con mpo ni- i t u u i  n o z z l e  
- 18 ~~m o m e n t  al-rn

7 c o n n p e n i i - a t  of o i , i j i l i -  
X L  18 R e u l  Fee tm o m l o t 1mm

N compon e nt  of j e t  t o  qua  TN - I  18 R e a l  Foot pounds

N i am p o n c nt  ‘1 -t I o o q u l  TN .J 18 R u - a l  Foot pounds

7 l I l I I 9 i I I i i  of t i t  t I l i p I l l  TZ .T 18 Ri - - c l  I’ OOt pounds

.1 , -?  i n d e x  i I n t l - c u - n -

C - n e - ra t  111 ) 1 - N  j in teger

7);
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APPEN 1)IX G

GPS DEPLOYMENT MODEL

The following equations will be used for simulation of the GPS rotational dynamics

during dep loyment.  These equat ions  will be incorporated in the one-bod y simulation

to investigate the effect of dep loyment  on the pitch and rofl j et channels.

The following primary assumptions were made in developing these equations :

1. Panels are treated as poin t  masses .

2. Mass of the  boom is neglected.

3. A i l linear l i  dep loyment l inkage is assumed.

ROTATION A L DYNAMICS

He fer’r - ing to Figure G-l cend Appendix C for notation , the angular momentum dur ing

dep loymu - n I i-s gi ven by

IT T i + ;:m .( ~’ + i~. -f ~ ) x c , (0-1)
0 0  1 0  1 1 1

where

I J - mSi(r , i ) rn I D (r , + p . ,  r , ÷ p , )  (0-2)
0 0 C) I I  - 1 1 1 1 1

Th e r o t a t i o n  1 c u t ’ f l - i l -  o t i c i l  eq u a t i o n s  of m o t ion i-e  g ive-n  by

‘1 - I i- I j - -t m ,f t  N ~. )  -
~

- m , ( t -  -f i- , 4 r ) ‘c ~~
, -( a x (I (0—3)

( I C) O i l  - 1 0 i - I 1) 1 1 1 0
i 1

The den p l oy m t -n t  l i n k ag e , I- i g l l c l -  0 — 2 , is such t l u t t  ~ 2a . With  th i s  l inea r-  relat ionship,

d e n  Vati yes :Ip p t - a r i t i g  in  l - I i  t i n n y ( 0 — 1 )  th rough ( G — : -t ) n -a o be I v : n l u a t  ed u s fol lows:

10
~ 1 ( - I ) 1(a + Li  sin  -~,

— a)  elm 
~~~

.
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I- ’igurc G-1. Notation for’ Deployment Model

z

b

(I

a

j3 =

Figure 0-2 . Deployment Mechanism l inkage Model
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0

= (—1)’(a + b) cos

(a - b) sin ~~~~~~1 1

p . = (~ 1)~[(a + b )  cos - (a +b )  sin

(a - h) sin ~~~~~~~ + (a - b) cos ~- .o.

m .
ro m 1 i

m .
~ = - io - Tn i

r _ T _ _ ç , ,

i = -m [M(~~ , r )  NI r
(~ r ) I  + ~. m.[M(~ ., r. + p.)  + MT (~ ., r . + 

~~ )]

‘I’he h inge ’  torqu e -s  arc given by

d
2
H. 2

1 , x m , __
~~~~~~~~~~x — .~L (i + r + ~~~, ) + ~~~~ x r n . a

Dr 1 2 j  2 o 1 i 1 1 C m
it tlt

T ~~~~ , x I r  + ,~~~~(I) x ( r  + r + p . ) + 2 w x f t  + p.)
T) 1 1 0 1 0 0 1 1 0 0 1

+ t L N W  x (r ’ + r - 4 - p ) J + p x a
o a o 1 1 cm

‘(‘he hinge torques are produced by spring forces which will he modeled as

111
- 
. 0 n I - + d ‘1 + (I - nl)i I 1 01 li 1 2i 1

L,,_ 0J i i

80
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APPENT )IX U

SOLAR P RESS IJRE TORQUE AND FORCE MODI- L
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APPENDIX H

SOLAR PRESSURE TORQUE AND FORCE MODEL

This appendix summar i ze s  the prel iminary solar pressure force and torque model

developed lor the digital s imula t ion  evaluation of GPS stability and control analysis.

The solar force results from the photo momentum t ransfer  to the vehicle surfaces

expose-cl to solar i l l u m i n a t i o n . The magni tude  and direction of the solar force developed

on a given vehicle surface ’ arc funct ions  of the vehicle-sun at t i tude , the geometry of

the sur face , and the  ph \ s i c a l  cha rac t e r i s t i c s  of the su r face. ‘l’he solar torque will be

develop -d if t h - vehicle center of mass is not co inc iden t  with the center  of total net

force.

The model described in  t h i s  appendix wa s b a s e - i l  on the vehicle geometrical configur-

ations d educed from t h e -  Rockwel l  drawi ng Nd) . V505-900003 titled “Spacecraft General

Ar rangement  Basel ine Conf igura t ion  - GPS , “ .Tanuary  27 , 1975.

VEHICLE G E O M E T R Y  FOB 501 -\H TOHQUE E V A LUA T I O N

The GPS s p a c e c r a f t  c o n f i g u r a t i o n  has been t lpprox ini t e t ed  by surlaces of s imple geo-

m e - t r y  to f a c i l i t a te  th t -  e v a l u a t i o n  of -solar  force ’ tend torque- . This s imp lified geometry

consists of fi ve’- f la t  s tn r f c i c - e-s , s ix  cy l in d r ical  su r - faces , one segment  of a cone , and

four teen  complete c \ l i nd r i c : i l  s u r f a c e s  for the - r ep resen ta t ion  of vehicle main  body,

so la r  panels , t h r u s t e r  ( - c m l , and :tn tenn :t  in  on-orbit  con f igu ra t i on .  The stowed vehicle

d u r i n g  the s p i n n i n g  ph a s e -  is a p p r o x i m a t e d  by a complet e cy l i n d r i c a l  surface.  ‘(‘he

geometr ie s  of the’ simpli f ie d v t -h i t - I c  c o n f i g u r a t i o n s  i n - c -  shown in Figure l i — I .

Total  sober p r e s s u r e  force  and t o r q ue  - xp er i e need  by the vehic le -  can be evaluated as

the vec tor sum of t h e  forces te n d  torques  ex - c t e n l  on the  a p p r o x i m a t i n g  surfaces.

N o n h i n - l i  geometr i e s  i n c l u d i n g  s i ze , loca t ion , and  orientation of the surfaces for the

(1 PS vehicle arc  s u m m n a r - i z e e l  in  a la i-n sect ion of this appendix .  These data are  based

on the -  Rockwc-l l  i t n - : t \ v i ng N i t . \ SOFI—9 000 03  t i t l ed  ‘Spacecraf t  Gernei’al A r r angemen t

1 Li s i - l i n t  - Con f igu t -at ion  — C 1 ~ - , ‘ ‘  January  27 , 1975. The computat ions  involved in the

1-va luat ion  of th t- for -cc  and H I t il t u -  c o n tr t hu t e d  by thes e e lementary  s urfaces lire

~l t - s c i i b e i  t in the  s e c - t i  orm t h :tt follow .
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Solar Pressure on Flat Surface

A flat surface, d efined in terms of the surface normal N and geometrical center C ,
-

- 
develops a solar pressure force F and torque -r about vehicle center of mass as given
in the following equat ions :

F = _ F0N + F t I (N . S)N - S}fl(N . S ) N - S 1 (H - i)

- C x F  ( 11-2)

whe re

S = LOS vector to sun

- 2 2
F = [( 1 + 511) cos- -~ + —  ~ (l — s) cos nin i PA

n

Ft = 1(i — 5 t )  cos ~ 
t~ j~ ) 

~~ J ~~,\

—7 2P = solar pressure  = 1 x 10 lb / ft

p = f r ac t ion  of i n c i d e n t  radiation re f lec ted

s = t r a c t i o n  of reflected r -adi  : it ion  t h a t  is specular’

C = position vectom- of su i -f ac e  geometrical c e n t e r  from vehicle center of mass

cos ~ = (N

Note that , for t h e  case N =

¶ ( N ~ S ) N - S  1 = 0

Th is portion of compu t at i on  in Eq uation (Il—I) should be by p u s s e d .  ih i s  is when  there

is no tangent  Lii for - c - c - .
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Solar Forc on G~~ indrica ! Surfaces

From the gc’ometrv of Figure 11-2 , the location , orientation and size of a cy lindrical

surface can he completely specified in terms of the following parameters :

C = position vector of the geometrical center of the surface

N = normal  vector at C (ori en t a t i on )

I = t angen t  vc c i” r  at C (or ienta t ion)

r radius of the cy l inder  (s ize)

= angular  width  of the  cy l i n d e r  (s ize)

= length of the cy l inder  ( s i zC)

The evaluation of solar force on a cy li ndrical  surface can be carr ied out by the sub-

- . 
division into n f iat  su r f ace  elements as shown in Figure H-3 . The ~th flat surface

element is d e f ined in terms of the location of its geometrical center C. and the normal

vector N . which t ere related to th e  cyl inder parameters as

0 2

H

Figure  11-2. Surface Numbering Notat ion
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- - - -~~-- ~~~~~~~~~~ , -

= C - rN + rN . (H-3)

N , = cos ~~N + sin ° , T (H-4)
— 1  1~~’ 1—

where

= ‘o/~ 
— -‘- / 2  + i t , i = 1, 2 n (1 1—5 )

A = Ti

0 / n

The area of ~th surface element is

A . = r ‘ - -  ‘ ( H — 6 )

The s ol:er forces and torques developed on these flat su r face  elements can be computed

using Equations ( 11-1) and ( 1I-2) .  I ,et  the force-s and  torques be denoted as F . and ‘r , .

The total for cc -  and t o r q u e  developed by the c y l i n d r ic a l  surface ar -c F and i- evaluated as

c-i
F = F’. ( H-7)
—c - — 11=1

n
= ( 11—8)

— c  — c

For the c:u ,-o- of t I  f u l l  c~~l m n I l r i e t l l  s u r f ace , sni -h as the a n t e n n a , the cy l inde r  is defined

in t e- r’ ms ol fo l lowin g pa n - ao l  eti rs :

= pos i t ion  v I - c I,r e ’ f  t h -  ci-nt . ’r of the  c- l i nde r  fr ’om-n vehicle center of mass

1 = uni t vu u t o r  i long the n - ,ylindc’r axis

r = radius ci f (T\ Ii oder

£ = length of cylinder-

The’ solar force-  I -~ an d  t o r q u e  : about  veh ic l e  e -n t e r  of mass become

V -1” N - F . L (11-9)
— 0—  1—

D x  F ( 11—10)

w h e  ‘ m e -

N = f S -  (~~~~
. L) L] /~~S -  (S’ I,)1 -~

I- ’ = 1(1 + s p/ 1) s in
2
~ + ~‘ ( 1 - s)( ~’/ 6)  si n 1 T’A
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F1 = {(1 - sp) sin ~ cos 6 JPA

A = projected cy linder area = 22r

cos ~ = (S L)

I) = C + i-N

Again , the computat ions  associated with S - ( S .  L) L should b9 bypassed for S = L.

This is when the nre is no t ransverse force- .

Solar Force on Conic - ur f : i c- e

From the geometr y of Figure 11-4 , th e  location , or ientat ion , and size of a conic surface

can be completely specified in terms of the following parameters:

N = un i t  vector along cone te - i s
-~~

r = rad ius  of circle on top

rb rad ius  of circ l c- on bott om

= cen te r  of circle on top

h = hc-ig ht  of conical  surface

The -va lua t ion  of th c- solar force on a conica l  surface can be car r ied  out through

a p p r u ) x i m t u t i o n s  using f lat  su r f t t c e  elements . Each surface element is a trapezoid which

Can ~ e re presented by a s u r f ace  normal  N . and the location of i ts  geometrical  center C.
as de pict ed in F igure  11-4 . These- parameters  are related to the defining parameters

of the conical surface as

N . = cos e crc s - Ti .  N + cos ~ sin T L \  + sin ~ N ( I l - i l )

= 
~~ 

+
~~

2rh +r l )/ ( 3rh + 3r 1~~[fl . 

c—c 

( 11-12)

where N and V crc u n i t  vectors that make (N - - N ) a r igh t -handed  orthogonal— c — c —c — c  — c
t riad, ( -or-  conv e ’n ienn ce , let

‘
~ (N x \ ) / 1 N x \  ~~~ = - c  = - ~~— c  — u -  —t- , — c  — s s B C

= iö - A /2 , i = 1, 2  n

t
~
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• 
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/f f\ =

c GEOM ET RICA L CENT ERO F —I
TRAPEZOID:

/ \ 

c t ~~~~~~~~
)

S
b 

3 C
b

+3 1
a 

)
l- ’igur’e 11-4 .  Ge ome t ry of Thruster  Cone

= U + r cos -i X -~- r sin -y . Y - -—m —a a i—c ti i — c

11 = (0 - £ N ) + r co-s — - N + r sin ~ Y

e =  l m i ~~
1 

((rh - r ) / h )  

I C  C — C

r + (r 1 
- r )

~~~
rh 

- r ) 2 
+ h 2

£ = c l i st an c - e  b ctw c-en A. and B.

L i ’ = d i s t a n c e  b entw ecn A~ and B~
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The area of the trapezoid is

A . = -
~
- (r

1 + rb
) (H —1 3)

The solar force and torque contr ibuted by each of the trapezoidal surface  elements can

then be computed using Equations ( I l - I )  and (H -2)  wi th the total force and torque contrib-

uted by the th rus te r  cone evaluated in the same manner  as Equations (11-7) and (H-8) .

~~~~~~

,

B

~~~~~~~~~~

r
b \

Ii Z 8 X B

Ve hicle  N u n n i  n i l  1\ t t i t U d l -  a r id Shad ing (‘onsich- rat ion s

The GPS s p a i - u - ~ - i - a f L on—orbi t  a t t i t u d e  is s u n  rend earth orient i -d . ‘(‘he pitch and roll -

control allows the veh ic le  ~ i ew ax i s  to be al igned with  local vert ical .  The vehicle yaw -

motion is sue-h that the solar array surface normal can be- driven to be aligned wi th sun -

l ine for maximum s l I l a r  exp o s ur e- . Attitude accurac y requirements are 0. 5 deg for I

roll and p i t ch  and :t deg for’ yaw.
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In order for the vehicle main bod y to cast shadow on the solar array,  the minimum yaw

at t i tude  error must be ~n
5

—1 f —1 12
S 

= ta~ (~~~ ) t a n  (, .) 27. 5 deg

where-

f = (-learance ’ be tween  m a i n  bo dy  and solar array

b = length of main bod y

Similarly, the main body wil l n ot be sh aded by the solar array panels . Also , the solar

array a t t i tude  is dr iven  to w i t h i n  5 deg of maximum exposure. 1-lence it can be assumed

tha t  the solar arr :i’, is c-omplctely free of shadow. Since the sun vector can he any-

where wi th in  the n p i t ch  plane , the shading of the thruster cone and  the flat su~ f - -’~e P1
interfacing thin t h r u s t e r ’  cone ne -i ’d to bc cons idered .  The shading of the antenna is

ignored d u -  to the  r - c lat i  v e- l \  small ti r e:et-t involved.

Shading of Th r us ter  Cone by Surface  P1--The shad ing  of the t h r u s t e r  cone Can be

c o n s ide r e d  in  terms of the 1th f la t  surface element descrih -d earlier. Referring to

the geometry of Figure 11—4 , t he projec t i on  of  poin t H . on th e surface P1 is D1. Any

point located on-i the surf:a-e  P1 s a t i s f i e s  t h e  v ( -ctor  e q u a t i o n

• (1) - 

~~~~~~ ~~Pl = 0 (11-14)

-\lso , the vector’  (
-!2~ 

— 
-
~~~ 

) m u s t  be-  p e l i n t e d  a long  the ’ sun line ’ , i . e.

(ft — (1 . )  = i-S ((1—15)— I  — l  —

wher e r’ d i s t i n c t -  1 e c - t \ c  u - c - n  IL a n d  I ) . . 1’h - p n - oj u - c t i o n  of ve - i tor  (11 . — A .) on P1 along

S is the vector - ( I )  — - \ )  w h i ( - h i n t er s e c t s  the-  e dge of P at V . . l i t -n ec  E , satis f ies
— — l  — - i  I — n  — j

the vd-C- t om e ( ~i i i  Ii  u r is

- 

~~PI~ ~ - i  
- 

~~Pl~ 
= ~

‘ (11-16

( 1- . — -\ .)  = t ( i ) . — - \ )  ( 11—1 7)—m — i  — — i

where  t r at i o  of elis ta rue hetw -u-n V . a red A . to th at  b etween 1) rend A
1 — I  — l  —1
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LOS
X l = P b

\ 
v 1 =o
Z1 = C ~1 ( 3 ) - H

\
\ 

~~ s,~~(X 1, V 1, Z 1)

X~ = ( O , l , O)

S
Oc

N~1

A-
P 1 

—l

Figure  I l — S . Shading of Thrustc- r Cone by Plane P1 I l lus t ra ted
in Terms of E l e m e n t a r y  Surface A . —

• Solut ion of th e vector  equa t ions  for I ) . and  is inc luded  in this -appe ndix . Once the
point V . is d e ter m i n e d , th e  shade  of V . on th e  su r face  e lement , denoted as the point A!,
can he computed , 1. e- ,

+ 
\ l~~~~~&(I~i 

— 
-
~~~~~ 

(H— l 8)

where

= dis tance  be tween A and V.AL — I  — i

= ct i s  t anc e betwec ’ri  A and I) ,Al ) — 1  — ‘

To evaluate the solar fei r c e- con t r ibu ted  by t h e  un s h a d e d  p o r t i on - i  of the ~th sur face  ele-
ment , 1 -q u : e t i o ns ( I l — l i ) ,  ( T I — L i ) ,  re nd ( I l — P t )  u t e n  be use d w i t h  A. replaced b\- A !. It m m iv

ha ppen t h a t  the en t i r e  1th s u r f a c e  c - I c - n i - n t  is in  then shadow of P1. The condi t ion  for
this s i tua t ion  is t h a t  th i -  c l i s t t i n ce  be tween  C~~ a nd 1) . m u s t  he l e s s  t h a n  t he  radius of

surface P ’ s c i rcular  e dge-  r • i. e . .
I c 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~- --~~~-—~~~~ ‘ ~-- — --



- - . —.‘— -i—- ----- ‘n~~---—-~r- - - ~ -’ I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘“- -- - - _
~ ~~~~~~~~~~~~~~~~~~ ~:- _~~ __

2
- D.) ’ (C~~ - D.) < r  (H- 19)

If the inequality . Equation (11-19), is valid , the computations associated with the ~th

sur face element can be bypassed since’ it contributes nothing to the total force and

torque. Also , it may happen that the entire ~th surface element is not shaded by P1.

This is the case when the sun vec tor has positive projection along the normal to P1. i.e. ,

(nos 
~c > ~~~ Np~ ) ‘ 0 (H 20)

If the inequality. Equation ( 11—20), is valid , the point A! is set to be ident ical  to A..

the circle de f in ing  the open end of the

thruster conic is parallel to the surface P1, the projection of this circle on P1 is

always re circle of i d e n t i c a l  size -as show n by the parallelograms of Figure 11-6 . The

geometries of thc -  shadow on surface P
1 
for tour  d i f fe ren t  sun lint ’ configurations crc -

conside r -ed to n -  the following discuss ions . The shadow of thruster cone on P
1 
will be

character ized is :m fl:et sur face  of arc ’I -\ wi th  normal N and geometrical  center  C—s —s
Equat ions  ( L I — i )  t e n d  ( 11—2) a re  t h en  used to compute  the contr ibut ion of solar force

F and torque T is if A were not shaded .  h ence , the effect ive solar force and torque

cont r ibu te d  by the sh tecle d sur f l i c’ e P 1 
is

(0)
r - -r

—P1 — P 1  — s

w her  u -

and  i- ti c- c - forci- t i m i d  torque compute d for a complete ly unshaded

s u r f t e c i -  P
1
.

L e t  t he- cente r - of t h e  c i rch-  wh i - r e  t h r u s t er  c-one joins P1 he C • Lend let the center  of

the c i rcu la r  shadow of the e n d  of t h r ’ t ms tec  cone on P
1 

be C.~ . Position of can be

so lve -cl from th e vector  i -q u te t ion

— -~ a~ -~ pi 0

C — ( C  + 1-i N ) = _ ~~— b  — a  — l ’l s

w h e r e -  ~ = 1e-ngth of 
~~~~~~ 

— (C 4- h \~~ ) 1.
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Sun

S
1ab = h tan a

a
(N S ) = C O S  a

h

P 1
ab

Figure 11-6 . Shading of Plane P1 by Thrust c -r  Cone

The normal  of the  h lidow cmi P is of cours e N = N . To evaluate F and T , the
- - 1 — s — P1 —s — s

quant i t i es  C and A are d c - l i ned  for four  l a s t- s
—s 5

C a s e- i :  £ - r  - rtmb U ti

~~ s -~~b

A

r b

r~~~RAD IUSOF
SURFACE P1
CIRCULAR EDGE

ab + 1b r
~

rb ’ r a Iab _ r C r b
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Case 2:

A2 r - r

r
~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~=~~b Sin 2 ;

= 
~~

- r~~ 2~ - sin 2~ ]

( C - C ) 2 / 3  r sin 3
5

— a  — h  aC = C 4-
— l —a B-c o sBs in B

A 2 ~~ - ( 2 r  s in  ~ + 2  1h sin ~) 
l b  s inTh

= [C .1 + L(r cos ~)}  - L h (2r b+ r )/ (3r h + 3 r )

= 
— Li 

f I, f ( r  cre s ~) - L i sin ~~~~ (2r~~+ r )/(Srb 
+ 3r )I

= ~~‘ c~ 12~ 
- sin ~~ 1

C C f I ,  (~~r sj n t~~~~)/(~~~- cos F a i n  9 )
— -) — b  — 3 U

Total ar c -t i  of sha dow :

A = A 1 ~ 
A 9 +~~~ - ~~ -

Centroi cl  p ci-n m t i on  of A :

C - -~ -~~A 1 ~~l 
+ 

~2~~2 
-~ ‘ m ~~ C

1 
- A:3 C 3 1
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Case3:  r + r  �L  n-- r  - r
b c ab c b

rb + r
~ 

> lab > r~

-
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

A5 
A3

A 1 ~ r~ 12 
~ > 

- -s in

- - - 

C2 / 3 ) r1 in 1
~~~ 4 ~~l u -~ - 005 11 5 i f l~~

~l) 1) U

a 
= ~~

- r~~ 2 c _  ; i n 2  
~~~~ J

( 2/ 3 ) i’ Sin 1

C C - l ~ ~~~~~~~~~
-_____

Ii  11 — _ cos  5 i n ~~~
11 c

Total ic- c - l i  of sha ( l O \ ’

A ~-\ + 1 + — n 1  c - - -\ +s I i 2 1) - - 4 a

Centroid of - \ :

c = -i-- (A 1
C

1 
+ - \ (  + — ~~~~~ i - C  - A

3 
C,, - A4 C4 

4 A~~Cj

where

cos 2 - [ ( I ) i 
— 

~-b ~ ~
!
~
?2 

— 

~~ } I f t ?1 — 1~b~~ ‘~~l 
—
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